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Effects of the addition of Co to the NiMnAl alloy on the martensitic and magnetic properties were
investigated. The magnetic properties of the parent P phase drastically changed from paramagnetic
to ferromagnetic, while the magnetization in the martensite M phase slightly decreased with
increasing Co composition. Consequently, in the Ni40Co10Mn33Al17 alloy with the B2 ordered
structure, the martensitic transformation from a ferromagnetic P to a weak magnetic M phase was
obtained. The martensitic transformation temperatures in this alloy decreased by about 30 K with
the application of a magnetic field of 7 T and a metamagnetic phase transformation was
confirmed. © 2008 American Institute of Physics. DOI: 10.1063/1.2965811
Since Ullakko et al. reported a large magnetic field-
induced strain in the Ni2MnGa single-crystalline alloy in
1996,1 ferromagnetic shape memory alloys FSMAs have
received much attention as high-performance actuator mate-
rials. The Ni2MnGa ferromagnetic Heusler-type alloy show-
ing a martensitic transformation was first found by Webster
et al.2 in 1984. Several FSMAs besides Ni2MnGa have re-
cently been reported in Ni–Mn–Al,3 Ni–Co–Al,4,5
Ni–Co–Ga,5,6 Ni–Fe–Ga,7 and Fe–Pd alloy systems.8
Recently, our group has found an unusual type of FS-
MAs in the Ni–Mn–X X=In, Sn, and Sb Heusler alloy
systems, where the magnetization of the martensite M
phase is considerably smaller than that of the parent P
phase.9 Especially, the Co-doped Ni–Mn–In and–Sn alloys
show a drastic change in magnetization by martensitic trans-
formation from a ferromagnetic P phase to a very weak mag-
netic M phase.10–12 The martensitic transformation tempera-
tures of these alloys are drastically decreased by the
application of a magnetic field and a magnetic field-induced
reverse transformation, namely, metamagnetic phase transi-
tion, has been confirmed. Moreover, an almost perfect shape
memory effect can be induced by a magnetic field in
Ni45Co5Mn36.7In13.3 single crystalline and Ni43Co7Mn39Sn11
polycrystalline alloys at room temperature.10,11,13 Showing
other interesting properties such as giant magneto-
resistance14,15 and the inverse magnetocaloric effect,16 these
alloys show promise as new functional magnetic materials.
To date, in addition to the NiCoMnIn and the NiCoMnSn
systems, alloys with a similar metamagnetic phase transition
termed “metamagnetic type” hereafter have been reported
in the NiMnIn,17 NiMnSn,18 and NiCoMnSb systems.19 Very
recently, Yu et al.20 reported that while the NiMnGa ternary
alloys show an ordinal martensitic transformation from the
ferromagnetic P phase to the ferromagnetic M phase termed
“ferromagnetic type” hereafter, substitution of Co for Ni
induces a change in transformation behavior from the ferro-
magnetic type to the metamagnetic type. It is known that
NiMnAl ternary alloys with a Heusler-type structure show a
martensitic transformation in the ferromagnetic state,21 while
those with a B2-type structure are antiferromagnetic in both
the P and M phases.22 These facts suggest that there is a
possibility that the NiCoMnAl quaternary alloys also show
metamagnetic type martensitic transformation. In the present
study, the magnetic changes induced by martensitic transfor-
mation were investigated for the NiMnAl and NiCoMnAl
alloys.
Ni50Mn31Al19 0Co, Ni45Co5Mn32Al18 5Co,
Ni40Co10Mn34Al16 10Co–16Al, Ni40Co10Mn33Al17 10Co–
17Al, and Ni40Co10Mn32Al18 10Co–18Al at. % alloy
specimens were prepared by induction melting under an ar-
gon atmosphere. The obtained polycrystalline ingots were
annealed at 1373 K for 72 h in a vacuum and quenched in
ice water. Some pieces were cut out of the annealed speci-
mens using a diamond saw. The magnetization was measured
by vibrating sample magnetometry at heating and cooling
rates of 2 K min−1 and by a superconducting quantum inter-
ference device in the magnetic field range of 0–7 T at heat-
ing and cooling rates of 2 K min−1. The martensitic and
magnetic transformation temperatures were confirmed by
magnetization and differential scanning calorimetric mea-
surements. X-ray powder diffraction XRD experiments
with Cu K radiation were conducted at room temperature
for the 10Co–16Al and 10Co–18Al alloys in the P and M
phases, respectively.
Figure 1 shows the thermomagnetization M-T curves
for heating and cooling obtained in a magnetic field of H
=0.05 T. It is seen that the addition of Co induces a drastic
change in the magnetic properties. That is, while the 0Co
ternary alloy shows very low magnetization in the entire
temperature range, the magnetization and Curie temperature
only in the P phase gradually increase with increasing Co
composition and the metamagnetic-type martensitic transfor-
mation from the ferromagnetic P phase to the weak magnetic
M phase clearly appears in the quaternary alloys, except the
10Co–18Al, which shows no martensitic transformation. The
M-T curve for the 0Co alloy is represented by a different
scale in the inset of Fig. 1. All the characteristic features of
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the curve, including the effect of field cooling, are in good
agreement with a previous report by Morito et al.22 Accord-
ing to their results, the Ni50Mn31Al19 alloy obtained by
quenching from an elevated temperature should possess the
B2 and the 10M ten-layered monoclinic structure for the P
and M phases; their magnetic properties should be paramag-
netic and antiferromagnetic, respectively. The martensitic
transformation temperatures Ms and Mf, respectively, trans-
formation starting and finishing temperatures, and As and Af,
respectively, reverse transformation starting and finishing
temperatures and the Curie temperature TC determined from
Fig. 1 are listed in Table I, where the martensitic transforma-
tion temperatures are defined using the intersection of the
base line and the tangent line with the largest slope of the
peak and the TC is defined as the temperature with the largest
slope in each thermomagnetization curve. It can be seen
from Table I that the TC drastically increases with the addi-
tion of Co, while being almost independent of Al composi-
tion under the condition in which the Ni and Co composi-
tions are fixed. It is worthy of note that the transformation
hysteresis, which is given by Af −Ms, in the 10Co alloys is
two or three times larger than that in the 0Co or 5Co alloy.
The reason for this will be discussed later.
The M-T curves obtained in a large magnetic field of
H=7 T and the magnetization M-H curves at 4.2 K are
shown in Fig. 2. It is noteworthy that the magnetization in
the P phase of 10Co–18Al alloy is very large, reaching about
134 emu g−1 at 4.2 K, which is comparable to that in the
NiCoMnIn alloy.10 On the other hand, all the magnetizations
in the M phase are very low, decreasing with increasing Co
composition, as shown in Fig. 2b. Moreover, while the
M-H curves for the 0Co and 5Co alloys show an almost
linear relation and a certain hysteresis, the M-H curves in the
10Co–17Al and the 10Co–16Al alloys deviate from a linear
line and their hysteresis decreases. This behavior suggests
that the addition of Co results in some change in the mag-
netic properties not only in the P phase, but also in the M
phase, and that the M phase changes the magnetism from
antiferromagnetic to paramagnetic. Further investigations are
required to understand these magnetic properties.
FIG. 1. Color online Thermomagnetization curves under a magnetic field
of H=0.05 T.
TABLE I. Martensitic transformation temperatures and Curie temperatures in the NiMnAl and NiCoMnAl
specimens.
Composition at % Ms K Mf K As K Af K Af −Ms K TC K
Ni50Mn31Al19 315 303 310 322 7 ¯
Ni45Co5Mn32Al18 285 254 261 290 5 300
Ni40Co10Mn34Al16 385 369 388 403 18 429
Ni40Co10Mn33Al17 351 319 349 372 21 428
Ni40Co10Mn32Al18 ¯ ¯ ¯ ¯ ¯ 429
FIG. 2. Color online a Thermomagnetization curves under a magnetic
field of H=7 T and b magnetization curves at 4.2 K.
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XRD examinations at 298 K were carried out for 10Co–
18Al in the P phase state and for 10Co–16Al in the M phase
state. The main peaks appearing in these profiles can be in-
dexed as the lines of the B2 and L10 structures for the P and
the M phases, and the evaluated lattice parameters are aB2
=0.2912 nm and aL10 =0.3855 nm and cL10 =0.3306 nm, re-
spectively. In the NiMnAl alloys,3 it has been reported that
the thermal hysteresis in the martensitic transformation from
the B2 to the L10 structure is larger than that to the modu-
lated structures such as 10M and 14M 14-layered mono-
clinic. The change in crystal structure of the M phase from
10M to L10 would be the main reason for the larger hyster-
esis appearing in the 10Co alloys. The reason why the addi-
tion of Co brings about the change from the modulated to the
nonmodulated structure in the M phase is not clear, but this
tendency has been reported in other Ni-based shape memory
alloys such as Ni–Al–Co,23 Ni–Fe–Ga–Co,24 etc.
By a comparison between Fig. 1 and Fig. 2a, it can be
estimated how the martensitic transformation temperatures
are decreased by the application of a magnetic field. In the
case of 10Co–17Al, the Ms and Af temperatures decrease by
about 30 and 25 K with the application of 7 T, respectively.
Although a reversible metamagnetic phase transformation is
difficult because the thermal hysteresis is also about 30 K,
one-way magnetic field-induced reverse transformation is
expected in this alloy. Figure 3 shows the M-H curves ob-
tained at 345 and 350 K for the 10Co–17Al alloys, where the
measurement was carried out after heating from a low tem-
perature below the Mf. From the inset in Fig. 3, it is apparent
that the starting phase before the application of a magnetic
field is the M phase and that the terminal one is the M phase
for both the specimens. The magnetization curves showing a
huge magnetic hysteresis in Fig. 3 are brought about by the
metamagnetic phase transformation appearing only in the
process of the magnetic field application.
In conclusion, it was confirmed that the magnetic prop-
erties of the P phase drastically change from paramagnetic to
ferromagnetic due to the addition of Co, and that, in the M
phase, the magnetization decreases with increasing Co com-
position. It was suggested from the M-H curves that the
magnetic properties change from antiferromagnetic to para-
magnetic. In Ni40Co10Mn33Al17 showing transformation from
the ferromagnetic P to the weak magnetic M phase, a mag-
netic field-induced reverse transformation was confirmed at
345 and 350 K. Thus, the NiCoMnAl alloys can be consid-
ered to be alloys in which the metamagnetic shape memory
effect can be expected.
This study was supported by the Global COE Project
and by Grant-in-Aids from the CREST, Japan Science and
Technology Agency JST and from the Japanese Society for
the Promotion of Science JSPS. This work was carried out
at the Center for Low Temperature Science, Institute for Ma-
terials Research, Tohoku University.
1K. Ullakko, J. K. Huang, C. Kanter, V. V. Kokorin, and R. C. O’Handley,
Appl. Phys. Lett. 69, 1966 1996.
2P. J. Webster, K. R. A. Ziebeck, S. L. Town, and M. S. Pneak, Philos. Mag.
B 49, 295 1984.
3R. Kainuma, H. Nakano, and K. Ishida, Metall. Mater. Trans. A A27,
4153 1996.
4K. Oikawa, L. Wulff, T. Iijima, F. Gejima, T. Ohmori, A. Fujita, K. Fuka-
michi, R. Kainuma, and K. Ishida, Appl. Phys. Lett. 79, 3290 2001.
5K. Oikawa, T. Ota, F. Gejima, T. Ohmori, R. Kainuma, and K. Ishida,
Mater. Trans. 42, 2472 2001.
6M. Wuttig, J. Li, and C. Craciunescu, Scr. Mater. 44, 2393 2001.
7K. Oikawa, T. Ota, T. Ohmori, Y. Tanaka, H. Morito, A. Fujita, R. Kai-
numa, K. Fukamichi, and K. Ishida, Appl. Phys. Lett. 81, 5201 2002.
8R. D. James and M. Wuttig, Philos. Mag. A 77, 1273 1998.
9Y. Sutou, Y. Imano, N. Koeda, T. Omori, R. Kainuma, K. Ishida, and K.
Oikawa, Appl. Phys. Lett. 85, 4358 2004.
10R. Kainuma, Y. Imano, W. Ito, Y. Sutou, H. Morito, S. Okamoto, O.
Kitakami, K. Oikawa, A. Fujita, T. Kanomata, and K. Ishida, Nature
London 439, 957 2006.
11R. Kainuma, Y. Imano, W. Ito, H. Morito, Y. Sutou, K. Oikawa, A. Fujita,
K. Ishida, S. Okamoto, O. Kitakami, and T. Kanomata, Appl. Phys. Lett.
88, 192513 2006.
12W. Ito, Y. Imano, R. Kainuma, Y. Sutou, K. Oikawa, and K. Ishida, Metall.
Mater. Trans. A A38, 759 2007.
13T. Sakon, S. Yamazaki, Y. Kodama, M. Motokawa, T. Kanomata, K.
Oikawa, R. Kainuma, and K. Ishida, Jpn. J. Appl. Phys., Part 1 46, 995
2007.
14K. Koyama, H. Okada, K. Watanabe, T. Kanomata, R. Kainuma, W. Ito, K.
Oikawa, and K. Ishida, Appl. Phys. Lett. 89, 182510 2006.
15W. Ito, K. Ito, R. Y. Umetsu, R. Kainuma, K. Koyama, K. Watanabe, A.
Fujita, K. Oikawa, K. Ishida, and T. Kanomata, Appl. Phys. Lett. 92,
021908 2008.
16T. Krenke, E. Duman, M. Acet, E. F. Wassermann, X. Moya, L. Manosa,
and A. Planes, Nat. Mater. 4, 450 2005.
17K. Oikawa, W. Ito, Y. Imano, Y. Sutou, R. Kainuma, K. Ishida, S. Oka-
moto, O. Kitakami, and T. Kanomata, Appl. Phys. Lett. 88, 122507
2006.
18K. Koyama, K. Watanabe, T. Kanomata, R. Kainuma, K. Oikawa, and K.
Ishida, Appl. Phys. Lett. 88, 132505 2006.
19S. Y. Yu, L. Ma, G. D. Liu, Z. H. Liu, J. L. Chen, Z. X. Cao, G. H. Wu, B.
Zhang, and X. X. Zhang, Appl. Phys. Lett. 91, 242501 2007.
20S. Y. Yu, Z. X. Cao, L. Ma, G. D. Liu, J. L. Chen, G. H. Wu, B. Zhang,
and X. X. Zhang, Appl. Phys. Lett. 91, 102507 2007.
21F. Gejima, Y. Sutou, R. Kainuma, and K. Ishida, Metall. Mater. Trans. A
30A, 2721 1999.
22S. Morito, T. Kakeshita, K. Hirata, and K. Otsuka, Acta Mater. 46, 5377
1998.
23R. Kainuma, M. Ise, C. C. Jia, H. Ohtani, and K. Ishida, Intermetallics 4,
S151 1996.
24H. Morito, K. Oikawa, A. Fujita, K. Fukamichi, R. Kainuma, K. Ishida,
and T. Takagi, J. Magn. Magn. Mater., 850, 290 2005.
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